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O (54) Title: SUB-BANDED ULTRA-WIDEBAND COMIVfUNTCATION SYSTEM 

o 

^ (57) Abstract: A sub-banded ultra-wideband (SB-UWB) system may combine aspects of an orthogonal frequency division mulli- 
Q plexing (OroM) modulation scheme with aspects of an ultra-wideband system. In one embodiment, the system may use orthogonal 
J>. wavet'orms to form an ultra-wideband wireless communications system. In another embodiment, an FKl' based implementation of 
^ the system may be used to generate and detect an SB-lfWB waveform. 
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SUB-BANDED ULTRA- WIDEBAND COMMUNICATIONS SYSTEM 

DESCRIPTION OF THE DRAWING FIGURES 

[0001] The numerous advantages of the present invention may be better 

understood by those skilled in the art by reference to the accompanying figures in which: 

[0002] FIG. 1 is a time and frequency domain representation of a sub-banded 

ultra-wideband (SB-UWB) system in accordance with an embodiment of the present 
invention. 



[0003] FIG. 2 is a diagram of a FFT based transmitter system in accordance with 

an embodiment of the present invention. 



[0004] FIG. 3 is a diagram of a FFT based receiver system in accordance with an 

embodiment of the present invention. 



[0005] FIG. 4 is a diagram of a sub-banded UWB pulse generator in accordance 

with an embodiment of the present invention. 

[0006] FIG. 5 is a diagram of a UWB transmitter utilizing a channelized technique 

in accordance with an embodiment of the present invention. 
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[0007] FIG. 6 is a diagram of a matched filter receiver for a multicarrier pulse 

generation system in accordance with an embodiment of the present invention. 

[0008] FIG. 7 is a diagram of a switched filter based transmitter in accordance 

with an embodiment of the present invention. 

[0009] FIG. 8 is a diagram of a time domain representation of a sub-banded ultra- 

wideband waveform output in accordance with an embodiment of the present invention. 

[0010] FIG. 9 is a diagram of a frequency spectrum of a sub-banded ultra- 

wideband waveform output in accordance with an embodiment of the present invention. 

[0011] FIG. 10 is a diagram of a time-frequency plane representation of a 

multicarrier UWB signal in accordance with an embodiment of the present invention. 

[0012] FIG. 11 is a diagram of a direct conversion receiver employing sub- 

sampling for a multicarrier UWB system in accordance with an embodiment of the present 
invention. 



DETAILED DESCRIPTION 

[0013] Referring now to FIG. 1, a time and frequency domain representation of a 

sub-banded ultra-wideband (SB-UWB) system in accordance with an embodiment of the 
present invention will be discussed. Ultra wide band communications may be defined as 
transmitting a radio signal across all or a portion of a range of frequencies simultaneously, 
although the scope of the invention is not limited in this respect. A sub-banded UWB 
2 
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signal may include at least one or more ranges of frequencies within the range of 
frequencies for the UWB signal, although the scope of the invention is not limited in this 
respect. As shown in FIG. 1, an example pulse based orthogonal' frequency division 
multiplexing (OFDM) scheme is illustrated at graph 100, an example pulse based 
orthogonal frequency and time division multiplexing (OF/TDM) scheme is illustrated at 
graph 102, and an example frequency plot of concatenated OFDM waveforms is illustrated 
at graph 104. In the example shown in FIG. 1, six impulse radio ultra-wideband (IR- 
UWB) waveforms may be generated using an impulse having, for example, a 500 MHz 
bandwidth having a center frequency that may vary between 3 and 6 GHz, although the 
scope of the invention is not limited in this respect. 

[0014] As shown in FIG. 1, unlike traditional OFDM systems, an SB-UWB 

implementation may provide the ability to separate waveforms in time as well as 
frequency. For example, as the duration of the impulse waveform increases, as the 
bandwidth of the sub bands decreases, the transmitted waveform may be continuous 
in time and may begin to resemble an OFDM waveform. The sub-bands also may 
include additional spreading of multiple pulses per bit in order to achieve a direct 
sequence SB-UWB (DS-SB-UWB) system, although the scope of the invention is not 
limited in this respect. 

[0015] Utilizing an SB-UWB waveform, it may be relatively straightforward 

to overlay the waveform on top of narrowband interference. Thus, in a first 
embodiment of the invention, an overlay may be provided by not utilizing any 
frequency band in which there is strong narrowband interference, although the scope 
of the invention is not limited in this respect. Alternatively, most or all frequency 
bands may be used, but those that experience interference in proportion to the 
strength of that interference may be attenuated, resulting in a "water-filling" effect in 
the frequency domain, although the scope of the invention is not limited in this 
respect. Similarly, a sufficiently wideband single carrier waveform may be overlaid 
on dispersed narrowband signals by employing notch filters at both the transmitter 
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and the receiver. The former notch filters may protect the narrowband waveforms, 
and the latter notch filters may protect the desired signal. The SB-UWB signal 
design may allow the same type of interference tolerance without using the notch 
filters, although the scope of the invention is not limited in this respect. Examples of 
a sub-band transmitter 200 and a receiver 300 are shown in FIGS. 2 and 3, 
respectively, based on an FFT/IFFT implementation. 

[0016] In an alternative embodiment, the SB-UWB architecture may also be 

combined with other time domain spreading techniques, including the use of time-hopping 
(TH-SB-UWB) or direct sequence spreading (DS-SB-UWB) on each sub-band channel, 
although the scope of the invention is not limited in this respect. For a given multipath 
channel profile and interference environment, there may be an optimal configuration of the 
number of sub-bands, bandwidth of each sub-band, and time spreading desired for each 
sub-band in order to optimize the overall throughput of the system. In one embodiment of 
the invention, if the limit as the number of sub-bands reduces to one, the system may be 
similar to a typical IR-UWB system, although the scope of the invention is not limited in 
this respect. 

[00171 Referring now to FIGS. 2 and 3, diagrams of a fast Fourier transform (FFT) 

based transmitter system and an FFT based receiver system in accordance with one 
embodiment of the present invention will be discussed. The example transmitter 200 
shown in FIG. 2 illustrates an FFT/IFFT based implementation of an SB-UWB 
transmitter, and the example receiver 300 shown in FIG. 3 illustrates an FFT/IFFT based 
implementation of an SB-UWB receiver. The baseband sub-bands (0 to W GHz where W 
is the desired RF bandwidth of the transmitted waveform) may be generated by the N- 
point IFFT and following parallel-to-serial converter (P/S), although the scope of the 
invention is not limited in this respect. In a particular embodiment, the baseband 
bandwidth may be on the order of 2 GHz or greater, where the speed of the IFFT operation 
may be a limiting component, although the scope of the invention is not limited in this 
respect. In one embodiment, a 4-pt IFFT block may be utilized to maximize speed, 
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although the N-pt IFFT operation may use any reasonable value of N. Such an 
implementation allows 4 sub-bands to be generated per carrier block. The carrier blocks 
may then be upconverted to a desired RP frequency, although the scope of the invention is 
not limited in this respect. Such an implementation may be arranged to implement the SB- 
UWB system in one or more ways, as discussed below. 

[0018] In one embodiment, the SB-UWB system may be implemented with an 

OFDM waveform. Such an implementation may be based upon the transmission of all the 
sub-bands simultaneously, which may be done with a single carrier block, or multiple 
carrier blocks in order to fill up the desired RF frequencies, although the scope of the 
invention is not limited in this respect. 

[0019] In another embodiment, the SB-UWB system may be implemented with a 

chirped waveform. In such an embodiment, sub-band waveforms may be transmitted at a 
different time in order to provide time diversity as well as frequency diversity between the 
transmitted bits. This implementation may help to reduce the receiver sensitivity to 
frequency offset mismatch in order to reduce or minimize adjacent channel interference, 
although the scope of the invention is not limited in this respect. 

[0020] In another embodiment, the SB-UWB system may be implemented with a 

frequency-shift-keying (FSK) waveform. In such an embodiment, the encoded data bits 
may be used to select one of the frequencies to transmit across the channel rather than 
separately modulating the data onto the carriers and transmitting them simultaneously. 
Such a method may take advantage of orthogonal modulation and, by transmitting one 
carrier at a time, may reduce the transmit peak-to-average power ratio and thus the 
linearity requirements on the RF components, although the scope of the invention is not 
limited in this respect. 
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(00211 In another embodiment, the SB-UWB system may be implemented with a 

frequency-hopping (FH) waveform. In such an embodiment, a pseudo-random code of 4 
bits, for example, may be used to select the sub-band that would carry the data, although 
the scope of the invention is not limited in this respect. 

[0022] In one embodiment of the transceiver and receiver architecture of FIGS. 2 

and 3, the duty cycle of the UWB OFDM signal, for example, may be typically less than 
10%, in contrast with a narrow-band OFDM signal, fore example, which may be typically 
100%. A lower duty cycle may allow the sub-bands to be much wider than in a narrow- 
band case, without using equalization. An FFT architecture for transmitter 200 and 
receiver 300 may allow the complexity of multiple analog oscillators to be provided in a 
digital FFT, although the scope of the invention is not limited in this respect. 

10023] Referring now to FIG. 4, a diagram of a sub-banded UWB pulse generator 

in accordance with an embodiment of the present invention will be discussed. As shown 
with the example pulse generator 400 shown in FIG. 4, two or more sine wave generators 
404 are utilized in parallel to generate a UWB waveform, although the scope of the 
invention is not limited in this respect. In an alternative embodiment, pulse generator 400 
may be extended to include multiple phases, such as quaternary phase-shift-keying QPSK, 
although the scope of the invention is not limited in this respect. In one particular 
embodiment, two or more parallel gating functions 402 may be used, where one gating 
function may be a delayed version of another other gating function, although the scope of 
the invention is not limited in this respect. Alternatively, the phases of the carriers may be 
modulated, for example using phase-shifling-keying (PSK) systems, although the scope of 
the invention is not limited in this respect. By providing a choice of different frequencies 
and time windows, greater flexibility in signal design may be provided with pulse 
generator 400. In one embodiment, the signal energy may be spread more equally across 
the band, since, in a power spectral density (PSD) limited environment, for example where 
a PSD limit may be set by regulation, it may be desirable to have the spectrum as flat as 
possible, although the scope of the invention is not limited in this respect, In another 
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embodiment, the widths of the individual windows may be adjusted in order to tailor the 
spectrum as desired, although the scope of the invention is not limited in this respect. 

10024] Referring now to FIG. 5, a diagram of a UWB transmitter utilizing a 

channelized technique in accordance with an embodiment of the present invention will be 
discussed. In the example shown in FIG. 5, a fi-equency plot of the waveform is shown at 
graph 500, where a system with two frequencies fl and f2 is shown, along with a 
frequency band where a narrowband interferer may be present. In such an embodiment, 
the two bandwidths Bl and B2 may be adjusted in order to create a notch 502 in the 
spectrum at a desired frequency band. The bandwidths Bl and B2 in turn may be 
controlled by varying the width of the time gating windows 506 for oscillators 508, as 
shown in FIG. 5 using pulse generator 504. At the receive end, a matched filter may be 
created for the pulse based on the knowledge of the frequencies and the time window 
widths, although the scope of the invention is not limited in this respect. 

[0025] As shown in FIG. 6, a diagram of a matched filter receiver for a 

multicarrier pulse generation system in accordance with an embodiment of the present 
invention will be discussed. An alternative pulse generator 600 is shown in FIG. 6. With 
the example pulse generator 600, the individual subcarriers may have filters matched to 
the pulses in their channels, although the scope of the invention is not limited in this 
respect. Alternatively, oscillators 602 may be used to synchronize to the transmit signal. 
Using oscillators 602 may provide a reduction in the synchronization complexity, since 
instead of aligning two narrowband pulses with each other, a narrowband pulse may be 
aligned to a nearest cycle of the oscillator, although the scope of the invention is not 
limited in this respect. 

[0026] In a system utilizing such a signaling pulse, an access point may make 

interference measurements and estimation, and determine the time window widths for the 
different frequencies in order to generate an appropriate spectral shape. This information 
may be transmitted to one or more of the nodes on a common broadcast channel which 
may be one of the subcarrier frequencies, for example fl. The receivers may then create 
7 
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the subcarrier receiver matched filters by setting the appropriate time window widths for 
the local oscillators tuned to the different subcarrier frequencies, and may be able to 
receive the full bandwidth UWB signal transmissions, although the scope of the invention 
is not limited in this respect. 

[00271 Referring now to FIG. 7, a diagram of a switched filter based transmitter in 

accordance with an embodiment the present invention will be discussed. The transmitter 
700 shown in FIG. 7 may be an alternative example for generating a SB-UWB waveform 
based upon transmitting a single sub-band at a time. In such an embodiment, the data 702 
may modulate a single wideband pulse generator 704, and an RF switch 706 may be used 
to choose between which of the sub-bands is transmitted over the air, although the scope 
of the invention is not limited in this respect. RF switch 706, in this embodiment, may 
operate at the pulse repetition rate which may be a function of a desired data rate to be 
supported. Also shown in FIG. 7 is an optional up-converter 708 that may be used to 
convert the sub-bands from an IF frequency up to desired RF frequencies in an 
embodiment where it may be desired to design sub-band filters 710 at a lower frequency 
band, although the scope of the invention is not limited in this respect. 

[0028] Referring now to FIG. 8, a diagram of a time domain representation of a 

sub-banded ultra-wideband waveform output in accordance with an embodiment of the 
present invention will be discussed. Also referring to FIG. 9, a diagram of a frequency 
spectrum of a sub-banded ultra-wideband waveform output in accordance with an 
embodiment of the present invention will be discussed. For the waveform output 800 of 
FIG. 8, and the transmitted waveform spectrum 900 of FIG. 9, a subsampling scheme may 
be utilized that allows efficient sampling and processing of individual sub-band signals. 
In an example embodiment, the multicarrier UWB system under consideration may have 
an overall signal bandwidth of 2 GHz and employ four subcarriers of bandwidths 500 
MHz, which are transmitted sequentially, as shown in FIG. 8, and also in the example 
shown in FIG. 10, although the scope of the invention is not limited in this respect. Since 
at any given instant one of the subcarriers may be transmitted, in the example embodiment 
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one complex analog-to-digital converter (ADC) 1 102 as shown in FIG. 1 1 may be utilized 
at an effective rate of 500 MHz, which may sample any one of the subcarriers, although 
the scope of the invention is not limited in this respect. FIG. 10 shows a diagram of an 
example time-frequency plane representation of a multicarrier UWB signal in accordance 
with an embodiment of the present invention. 

[0029] Referring now to FIG. 11, a diagram of a direct conversion receiver 

employing sub-semipling for a multicarrier UWB system in accordance with an 
embodiment of the present invention will be discussed. A direct down conversion zero 
intermediate-frequency (IF) receiver architecture 1100 may be first employed to down- 
convert the overall UWB signal bandwidth such that the subcarrier frequency, or the 
lowest frequency, may be down-converted to a zero IF as shown in the receiver 
architecture 1100 in Fig. 11, and two ADCs 1102 at a 500 MHz rate may be used to 
sample the I and Q signals, although the scope of the invention is not limited in this 
respect. The lowpass filter (LPF) 1 104 following the downconverter may be wide enough 
to contain all sub-bands, only filtering out mixing products, or alternatively the LPF may 
be a sub-band select filter that is a bandpass filter that encompasses only a single sub-band 
at a particular time. Such a selectable bandpass filter may switch according to the 
transmitted order to the sub-bands. When the first UWB pulse is transmitted in the first 
sub-band, the complex ADC may capture samples of the transmitted pulse. Subsequent 
pulses may be transmitted on the other subcarrier frequencies in a predetermined 
sequence. The pulses and subcarriers may be subsampled by the SOO MHz complex 
analog-to-digital converter (ADC), although the scope of the invention is not limited in 
this respect. 

[0030] Altematively, the receiver shown in FIG. 1 1 may include a fixed LPF 1 104 

with a bandwidth equal to roughly the RF bandwidth of each sub-band, although the 
bandwidth may be variable for different implementations depending on the input 
bandwidths and sampling rates of ADC converter 1102, where the reference frequency at 
the input to the mixer may be varied in time to match the transmitted sub-band sequence. 
The reference waveform at the mixer input may essentially look like a replica of the 
transmitted wavefomi, as shown in FIG. 8, for the case of one sub-band transmitted at a 
9 
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time, and may be synchronized at the receiver through a training process similar to that 
used in other wireless communications systems, although the scope of the present 
invention is not limited in this respect. 

[0031] Although the invention has been described with a certain degree of 

particularity, it should be recognized that elements thereof may be altered by persons 
skilled in the art without departing from the spirit and scope of the invention. It is 
believed that the sub-banded ultra-wideband communications system of the present 
invention and many of its attendant advantages will be understood by the forgoing 
description, and it will be apparent that various changes may be made in the form, 
construction and arrangement of the components thereof without departing from the scope 
and spirit of the invention or without sacrificing all of its material advantages, the form 
herein before described being merely an explanatory embodiment thereof, and further 
without providing substantial change thereto. It is the intention of the claims to 
encompass and include such changes. 
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CLAIMS 

What is claimed is: 

1 . An apparatus, comprising: 

a transceiver including a transmitter to generate a sub-banded ultra-wideband 
waveform, and including a receiver to detect a sub-banded ultra-wideband waveform. 

2. The apparatus of claim 1, said transmitter to utilize a fast-Fourier transform 
structure to generate the sub-banded ultra-wideband waveform. 

3. The apparatus of claim 1, said receiver to utilize a fast-Fourier transform 
structure to detect the sub-banded ultra-wideband waveform. 

4. The apparatus of claim 1, said transmitter to utilize a multiple-gated, phased- 
carrier structure to generate the sub-banded ultra-wideband waveform. 

5. The apparatus of claim 1, said receiver to utilize a multiple-gated, phased- 
carrier structure to detect the sub-banded ultra-wideband waveform. 

6. The apparatus of claim 1, said transmitter to utilize a switched-filter structure to 
generate the sub-banded ultra-wideband waveform. 
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7. The apparatus of claim 1, said receiver to utilize a switched-filter structure to 
detect the sub-banded ultra-wideband waveform. 

8. The apparatus of claim 1, said receiver adapted to use a direct down-conversion, 
zero IF structure with a variable, gated mixing frequency matched to a transmitted sub- 
band sequence. 

9. The apparatus of claim 1, said receiver to utilize a sub-sampling structure to 
detect a sub-banded ultra-wideband waveform. 

10. The apparatus as claimed in claim 1, wherein the receiver is adapted to detect 
a sub-banded ultra-wideband waveform including sub-band waveforms separated in time 
and frequency. 

11. The apparatus as claimed in claim 1, wherein the transceiver is adapted to 
utilize time-hopping on sub-bands of the sub-banded ultra-wideband waveform. 

12. The apparatus as claimed in claim 1, wherein the transceiver is adapted to 
utilize direct sequence spreading on sub-bands the sub-banded ultra-wideband waveform. 

13. The apparatus as claimed in claim 1, wherein the transceiver is adapted to 
utilize frequency-shift keying on sub-bands on the sub-banded ultra-wideband waveform. 

14. The apparatus as claimed in claim 1, wherein the transceiver is adapted to 
utilize frequency hopping on sub-bands on the sub-banded ultra-wideband waveform. 

12 
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15. A method, comprising: 

transmitting a sub-banded ultra-wideband waveform; and 
receiving a sub-banded ultra-wideband waveform. 

16. The method of claim 15, said transmitting including utilizing a fast-Fourier 
transform structure to generate a sub-banded ultra-wideband waveform. 

17. The method of claim 15, said transmitting including utilizing a multiple-gated, 
phased-carrier structure to generate a sub-banded ultra-wideband waveform. 

18. The method of claim 15, said transmitting including utilizing a switched-filter 
structure to generate a sub-banded ultra-wideband waveform. 

19. The method of claim 15, said transmitting including utilizing a direct down- 
conversion, zero IF structure with a variable, gated mixing frequency matched to the 
transmitted sub-band sequence. 

20. The method of claim 15, said receiving including utilizing a fast-Fourier 
transform structure to detect a sub-banded ultra-wideband waveform. 

21. The method of claim 15, said receiving including utilizing a multiple-gated, 
phased-carrier structure to detect a sub-banded ultra-wideband waveform. 
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22. The method of claim 15, said receiving including utiHzing a switched-filter 
structure to detect a sub-banded ultra-wideband waveform. 

23. The method of claim 15, said receiving including utilizing a sub-sampling 
structure to detect a sub-banded ultra-wideband waveform. 



24. The method of claim 15, further comprising separating sub-bands of the sub- 
banded ultra-wideband waveform in time and frequency. 

25. The method of claims 15, further comprising time-hopping on sub-bands of 
the sub-banded ultra-wideband waveform. 



26. The method of claim 15, further comprising direct sequence spreading on sub- 
bands of the sub-banded ultra-wideband waveform 



27. The method of claim 15, further comprising frequency-shift-keying on sub- 
bands of the sub-banded ultra-wideband waveform. 



28. The method of claim 15, further comprising frequency-hopping on sub-bands 
of the sub-banded ultra-wideband waveform. 



29. An apparatus, comprising: 



14 



wo 2(M)4/(I25853 



PCT/US2003/(t28085 



a fast Fourier transform transceiver to generate and to detect a sub-banded ultra- 
wideband waveform; and 

said fast Fourier transform transceiver includes a data encoder to select one of the 
sub-bands of the sub-banded ultra-wideband waveform. 

30. The apparatus of claim 29, said fast Fourier transform transceiver adapted to 
utilize the sub-banded ultra-wideband waveform comprising a waveform selected from the 
group consisting essentially of an orthogonal frequency division multiplexing waveform, a 
chirped waveform, a frequency shift keying waveform, and a frequency hopping 
waveform. 



3 1 . An apparatus, comprising: 

a multiple gated, phased carrier transceiver to generate and to detect a sub-banded 
ultra-wideband waveform; and 

said multiple gated, phased carrier transceiver includes at least one element 
selected from the group consisting essentially of matched filters and correlators, for the 
sub-bands of the sub-banded ultra-wideband waveform. 

32. The apparatus of claim 31, the sub-barided ultra-wideband waveform 
comprising a waveform selected from the group consisting essentially of a phase shift 
keying waveform and a quaternary phase shift keying waveform. 

33. An apparatus, comprising: 

a switched filter transceiver to generate and to detect a sub-banded ultra-wideband 
waveform; and 
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said switched filter transceiver includes an up-converter to convert sub-bands of 
the sub-banded ultra-wideband waveform from an intermediate-frequency to a desired 
radio-frequency. 

34. The apparatus of claim 33, said switched filter to operate at a pulse repetition 
rate that is a function of a desired data rate, 

35. An apparatus, comprising: 

a sub-sampling transceiver to detect a sub-banded ultra-wideband waveform; and 

said sub-sampling transceiver includes at least one analog-to-digital converter to 
sample a radio- frequency signal or a low-intermediate- frequency signal. 

36. The apparatus of claim 35, wherein said sub-sampling transceiver includes at 
least two analog-to-digital converters to sample I and Q signals separately. 

37. The apparatus of claim 35, said sub-sampling transceiver adapted to down- 
convert at least one sub-band of the sub-banded ultra-wideband waveform to a zero 
intermediate- frequency. 

38. The apparatus of claim 35, said sub-sampling transceiver adapted to down- 
convert at least one sub-band of the sub-banded ultra-wideband waveform to a very low 
intermediate-frequency equal to a value approximately more than half of a bandwidth of a 
sub-banded chaimel. 
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